Introduction The small bones and soft tissues of the hands and feet can be affected by systemic disorders, and frequently, the findings are quite unique and virtually diagnostic for some genetic or metabolic disorders. Materials and Methods Photographs and imaging studies for the hands and feet are available in a digitized system, which has been approved by our hospital institutional review board. Examination of these and their description can establish a relationship with some degree of certainty to a series of highly variable and uncommon clinical disorders.
Introduction
There is little doubt that the small bones and soft tissues of the hands and feet can be affected by systemic disorders, and frequently, the findings are quite unique and virtually diagnostic. Caretakers for patients with these problems usually depend on physical examination of the patient, imaging studies, and laboratory tests to help make diagnoses for many of the genetic or metabolic disorders, but sometimes the changes in the structural bones of hand or foot, metacarpals and metatarsals, or the phalangeal units are so remarkable as to lead to the diagnosis for sometimes puzzling or confusing syndromes. We have included illustrations of these entities which we believe are useful in identifying the cause. Included in the list of genetic disturbances with quite specific and often diagnostic hand and foot alterations are Ellis-van Creveld syndrome, fibrodysplasia ossificans progressiva, achondroplasia, Kniest dysplasia, pseudo-and pseudo-pseudohypoparathyroidism, acromegaly, nail-patella syndrome, Marfan's disease, cartilage-hair hypoplasia, and several forms of mucopolysaccharidosis.
The Disorders
Ellis-van Creveld syndrome was first described in 1940 by two physicians, one British and the other Dutch, who met on a train going to a pediatric society meeting and discovered that they had both seen cases of a very rare disorder. They published their reports regarding the two patients and named the disease chondroectodermal dysplasia based on the extraordinary features [37] . The disorder has some unusual characteristics, including shortness of stature, irregular bone growth and structure, and some remarkable oral findings, including strange teeth and lip ties [20, 53, 75, 87] . The chromosomal site for the genetic error in patients with Ellis-van Creveld syndrome is at 4p16 [39, 75] . The entity is a very rare autosomal recessive disorder but occurs with greatest frequency in Amish people [74] .
Hand Abnormalities The most remarkable clinical feature of the Ellis-van Creveld syndrome is polydactyly, the presence of a sixth digit on the ulnar sides of the hands and less frequently, the fibular sides of the feet (Fig. 1) .
Fibrodysplasia ossificans progressiva is a rare genetic disorder in which the fibrous tissues, muscles, and periosteal regions undergo progressive ossification [12, 30, 32, 89] . As a result, beginning at approximately age 5, the patient develops sometimes massive ectopic osseous collections in the muscular regions adjacent to the bones and joints and most often becomes extraordinarily disabled by the limitation of movement of joints and alterations in osseous structure [32, 49, 85] . The nature of this strange genetic disorder is the presence of abnormal heterotopic ossification of the muscle, fascia, and periosteum which appears to be caused by a dysregulation of cell differentiation [30, 56, 89] . As stated by Kaplan, "normal bone forms in the wrong place at the wrong time" [57] . The disease appears to be genetic and is transmitted as an autosomal dominant disorder but with frequent mutations in relation to chromosomes 4q27-31, 17q21-22, or 2q23-q24 [57, 89] .
Hand Abnormalities One of the most extraordinary and consistent clinical features is not related to increased bone formation in the soft tissues. Instead, it consists of shortening and deformity of the great toes and sometimes of the thumbs. This is believed to be a separate genetic entity but of similar origin and frequency (Fig. 2) .
Achondroplasia is a genetic disorder transmitted as an autosomal dominant error with frequent mutations. Recent studies of the gene structure in patients with achondroplasia strongly support the concept that the error lies with a mutation in the fibroblast growth factor receptor 3, which is a membrane-spanning tyrosine kinase receptor with three domains, which exerts a negative control on growth of connective tissue components [24, 52, 82] . The disease is frequent in siblings and is believed to occur in the United States at a rate of one in every eight to10,000 births. Patients with achondroplasia have normal intelligence, short stature, rhizomelic shortening and wide epiphyses of the long bones, frontal bossing, midface hypoplasia, narrowing of the foramen magnum, spinal stenosis, diminished size of the innominate bone, thickening of the ribs, lumbar lordosis, thoracic kyphosis, elbow limitation, and a very unusual entity…the "trident hand deformity" [8, 47, 58, 78] .
Hand and Foot Abnormalities Patients with the trident hand deformity are often unable to approximate full extension of their fingers, and the middle finger is often reduced in length. Hand X-rays frequently show shortening of the third metacarpal and imaging of the ankles may disclose relative elongation of the fibula, causing a varus deformity of the foot (Fig. 3) .
Kniest dysplasia is an autosomal dominant genetic error which, for the most part, is equally divided amongst males and females except for a small number of male patients who seem to have an X-linked gene error [23, 85, 88] . The gene error principally affects the synthesis and maintenance of type II collagen and far less commonly, type XI collagen [29, 81] . Type II is principally located in the articular and epiphyseal cartilages so that the effect is damage to these The disorder results in the changes in the shape and structure of long bones, small bones of the hands and feet, ribs, and especially the spine [62, 81] . Growth is slowed and the cartilage forming structures are deformed as a result of the "Swiss cheese cartilage" changes and substitution by other forms of cartilage [38, 40] . Disproportionate dwarfism (the limbs are more severely affected than the trunk) cause sometimes severe kyphoscoliosis and lumbar lordosis, short and bell-shaped thorax, flat facies, prominent forehead and wide-set eyes, cleft palate, otitis media, hearing loss, proptosis, and severe myopia, which can lead to retinal detachment and early cataract development [18, 22, 29] . The long bones are short and bowed and the joints are moderately enlarged [18, 29, 69, 81] .
Hand and Foot Abnormalities The hands are almost always abnormal with long knobby fingers, which make it difficult for the patient to form a fist. X-rays show flattening and squaring off of the epiphyses of tubular bones of the hands and feet (Fig. 4) .
Pseudo-and pseudo-pseudohypoparathyroidism are complex entities. There are four small parathyroid glands located on the posterior aspect of the thyroid gland. The cells in these glands are responsible for the production of parathyroid hormone (PTH), a single-chain protein containing 84 amino acids [44, 64] . The material is released from the cell in response to a G protein-coupled calciumsensing receptor, which is activated by a reduction in serum calcium concentration. The chemical actions of PTH are to increase the serum calcium and reduce the serum phosphate. The osseous action is to reduce the amount of bony substance principally by osteoclastic bone destruction [44] . The earliest recognition of the pseudo-and pseudopseudohypoparathyroid disorders was by Albright who named them hereditary osteodystrophy or the SeabrightBantam syndrome [3, 4] . In his original contribution in 1942, he identified the clinical characteristics and also indicated that the patients have normal parathyroid glands. The two forms pseudo-and pseudo-pseudohypoparathyroidism are closely tied together. Both lesions are genetic in origin and Fig. 4 Hands of a child with Kniest disease. Not the long knobby fingers and the "squared off epiphyses" for the digits as well as the distal radius and ulna Fig. 3 Hands of a child with achondroplasia showing the characteristic "trident hand." The third metacarpal is short, the fourth deviated to the ulnar side, and the thumb is radially displaced Fig. 2 a Hands of a patient with fibrodysplasia ossificans progressiva. b The hands like the rest of the body may show production of new bone adjacent to the skeletal segments but there is a striking shortening and deformity of the thumbs the patients have normal parathyroid glands and PTH production but display a remarkable target tissue unresponsiveness, which results in a failure of the normal action of autogenous or administered PTH on the bone or kidney. Patients may show resistance to not only PTH, but also thyroid stimulating hormone, gonadotropins, and glucagons [64, 85] . Cellular elements from these patients show an approximately 50% reduction in expression of G 2 α protein, which impairs the ability of the PTH to activate adenyl cyclase. In addition, there are some systemic findings, sometimes quite dramatic and disabling, seen in association with these syndromes. These include short stature, round facies, obesity, subcutaneous ossification, and mental retardation [1, 3, 34, 64, 66] .
Hand and Foot Abnormalities In patients with these disorders, the fourth and fifth metatarsal and metacarpal bones are often quite short. Less commonly, the third is also affected. Imaging studies of the hands and feet often show rather remarkable and almost diagnostic changes in the third, fourth, and fifth metacarpals and metatarsals which may be almost half the size of the adjacent, more normal bones (Fig. 5) .
Acromegaly. Despite diverse histologic abnormalities, excessive production of growth hormone (GH) is the factor which causes both childhood gigantism and late in adulthood acromegaly [5] . Normally, the hypothalamus releases a material known as growth hormone releasing hormone, which causes the pituitary gland to increase the level of GH production [5, 13] . In turn, GH activates elevated levels of liver insulin growth factor-I otherwise known as somatomedin C, which is responsible for the growth of organs including bones [5, 19, 26, 27] . There are two principal presentations for acromegaly: gigantism in children and acromegalic changes in adults with late onset disease [10, 65] . Adult acromegaly is more common and at times much more severe than pituitary gigantism and occurs equally in males or females. The disorder may be present for years prior to discovery, which often occurs in middle age. Increased body hair is often noted [21, 65] . Colon polyps are common and occasional colon cancer has been described [27, 28] . The patients often complain of increased sweating. The ribs are often enlarged particularly at the sites of the costochondral junctions. Scoliosis and abnormal vertebral structure are commonly present. Studies of the skull may show damage to the sella turcica caused by enlargement of the pituitary adenoma and sometimes marked enlargement of the mandible [10, 61, 65, 96] . Malformation of the teeth is a common finding [65] .
Hand and Foot Abnormalities
The patients with this disorder develop sponginess and puffiness of hands and feet and this is particularly evident in the heel pads. This finding can be made by clinical examination or by imaging studies and is quite distinctive (Fig. 6 ).
Nail-patella syndrome is familial and is transmitted as an autosomal dominant trait with a high degree of penetrance but variable expression [11, 46, 54] . The chromosomal location for the error has been identified as the long arm of chromosome 9 (9q34.1) and the disorder appears to be caused by mutations in transcription factor LMX1B [11, 16, 17, 35, 36, 73, 84] . Patients with the nailpatella syndrome most frequently have a lean body habitus and have difficulty putting on weight despite increased dietary intake [16] . In many patients, there is a fairly marked decrease in muscle mass in the proximal upper and lower extremities. The biceps and triceps and the quadriceps and gluteal muscles may be markedly diminished in size while the forearm and leg musculature appears normal [68] . Nails are absent or deformed [39, 49, 57, 86] . Lumbar lordosis is frequently present. The forehead is high and the hairline appears to be receding even in young children or women. The patellae may be absent or very small in size and laterally displaced [72] . The result for the knees is one of knock-knee deformity and sometimes limitation of movement and osteoarthritic changes with advancing age [46] . One of the most striking features of the disorder is the presence of iliac horns. These are bilateral conical bony processes that project posteriorly and laterally from the center of the ilium [45, 46, 83] .
Hand and Foot Abnormalities In the affected patient, nails may be absent or hypoplastic or dystrophic. They are Fig. 5 Classic changes of the hand bones in a patient with pseudohypoparathyroidism. The changes are identical for patients with pseudo-pseudohypoparathyroidism. The fourth and fifth digits are short and are often half the size of the adjacent digits sometimes ridged longitudinally or horizontally or pitted or even separated into two halves by a cleft or a ridge of skin. The thumbnails are the most severely affected. The changes may show as triangular lunules. As a rule, the changes in the toenails are less marked. The skin over the distal phalanges shows a loss of creases, particularly over the index fingers. The hand may show a diminished capacity for flexion or hyperextension of the joints, which may produce a characteristic "swan-neck deformity" and a mild functional impairment (Fig. 7) .
Marfan syndrome is an inherited connective tissue disorder transmitted as an autosomal dominant trait with frequent mutations. The disorder is equally distributed in ethnic groups and is slightly more frequent in females than males. The disorder is now known to be caused by mutations in the fibrillin-1 gene located on chromosome 15q21.1, which is a major building block for microfibrils, including those involved in the skeletal system, the spinal dura, the optic lens supporting system, and the elastin in the aorta and cardiac valvular structures [14, 55, 71] . Children born with Marfan syndrome are often quite tall and in a short time are taller than their normal siblings and peers [55, 80] . Some of the patients as adults may grow to over 7 ft in height. Eye problems may be present [71] . Spinal disorders are frequent and sometimes disabling [2] . An important finding is dolichostenomelia, which is defined as having excessively long limbs [42, 55] . The bones are generally osteopenic with frequent fractures and with an unusually frequent occurrence of protrusio acetabulae which can be very disabling [42, 55, 91] .
Hand and Foot Abnormalities The hands and feet in patients with Marfan syndrome show very thin and much elongated digits which are described as "arachnodactyly," suggesting that they resemble the limbs of spiders. The great toe is sometimes markedly elongated. The hand digits are excessively mobile and the flexed thumb may extend beyond the four fingers when the hand and digits are flexed (Steinberg thumb sign). In addition, the combination of a thin wrist and long digits may allow an overlap of the thumb and first and fifth fingers when the wrist is grasped (Walker-Murdoch sign) (Fig. 8) .
The mucopolysaccharidosis types I-S, I-M, II, IV, VI (Hurler, Scheie, Hunter, Morquio, and Maroteaux-Lamy syndromes) are rare disorders resulting from autosomal recessive genetic errors [92] [93] [94] . The entities are broadly classified as lysosomal storage diseases and are caused by enzyme deficiencies, which result in a failure to degrade the glycosaminoglycans, chondroitin sulfate, dermatan sulfate, Fig. 7 Changes in the nails of the fingers of a patient with nail-patella syndrome. The nails are almost completely absent or markedly ridged and abnormally structured. The skin shows a loss of creases Fig. 6 Acromegaly produces striking changes in the soft tissues of the hands. Note the sponginess and puffiness of the hands and the peculiar small red spots in the skin. Compare the skin features with the normal hand included in the picture and heparan sulfate [7, [92] [93] [94] The presence of excessive amounts of the glycosaminoglycans cause neurologic, ocular, skeletal, pulmonary, and cardiac abnormalities which may be so severe as to be recognizable shortly after birth and can cause the early demise of a child [25, 33, 63] . Affected children are often dwarfed and some have progressive mental deterioration, most often in association with hydrocephalus [76, 77, 85] . The craniofacial appearances are quite striking [27, 81] . The children have large heads with mask-like facies [81] . The hair on their heads and eyebrows is coarse, bristly, and straight [81, 82] . The nose is flat and wide and the nares are large and upturned. The eyes may have significant problems [6, 81, 82] .The ears are large with thick lobes. The lips are patulous, considerably larger than normal and the tongue protrudes. The teeth are late to erupt and may be small and malformed [77, 80, 85] . Widening of the anterior and lateral ribs with narrowing of the posterior portions is frequently present and the chest contours are often quite irregular [70, 80, 93] . The vertebral segments are usually ovoid in shape with wedge-shaped vertebrae at T12 or L1, which is the cause of the malformed shortened spine and gibbus formation [9, 59, 76, 77] . Carpal tunnel syndrome is common [41, 97] .
Hand and Foot Abnormalities For all of the four forms of these disorders, the phalanges are wide and are proximally pointed and for some forms, there is a V-shaped deformity of the distal radius and ulna based on oblique deformity of both bones at their terminal ends. The digits usually fail to completely extend causing a "claw hand," and carpal tunnel syndrome is a frequent finding. The subcutaneous tissues on the surface of the hands are thickened, contributing to the poor function of the digits (Fig. 9 ).
Cartilage-hair hypoplasia was first described by Victor McKusick in 1964 and is a rare disorder in most populations but has increased frequency in Finnish and Old Order Amish persons [67, 95] . The disorder is characterized by short stature, very thin colorless hair, and bone deformities, especially of the spine, lower extremities, and hands. The patients are not mentally retarded, but some of them have a frightening array of complications, including immune deficiencies, anemia and leukopenia, cancers, and increased mortality [48, 95] . The disorder appears to occur in relation to chromosome 9 and is believed to result from mutations in RNase mitochondrial RNA processing (RMRP), a material required for cell growth [90] . Alteration in RMRP causes defects in cell growth of T cells, B cells, and fibroblasts and impairment of ribosomal assembly [15, 50, 51, 60, 79] . Histologic studies of the epiphyseal plates show abnormal cartilage structure with a reduction in the height and, sometimes, marked irregularity of the columns. Examination of hair fibers from the scalp, eyebrows, and eyelashes of patients with the syndrome display an extraordinarily thin caliber and lack a central core [31] . Affected children have thin brownish hair and almost always display a substantial reduction in height, which has been described as short-limb dwarfism [43, 48, 68] . The vertebrae are small and have mild irregularity at the end plates [68] . Scoliosis and lordosis are commonly seen [43, 67, 68, 72] .
Hand and Foot Abnormalities The hands and feet are "pudgy" and the skin hypopigmented. The hands are short and the fingers are frequently bent but can be easily extended. The nails show foreshortening and a mild dysplasia. X-rays show shortening of the metacarpals, metatarsals, and phalanges (Fig. 10) .
Discussion
There are many additional disorders, some genetic, some neoplastic, some inflammatory which produce sometimes extraordinary changes in the patient's hands and feet. A brief, incomplete listing includes tumoral calcinosis, Ollier's disease, Maffucci syndrome, hereditary multiple osteocartilaginous exostosis, type 1 neurofibromatosis, pigmented villonodular synovitis, synovial chondromatosis, hyperparathyroidism, gout, and fibrous dysplasia. These disorders are much more common than those in this series and the findings more easily identified and treatment protocols well understood.
Nevertheless, the collection of 10 diseases in this review is quite remarkable. Patients with these quite rare genetic disorders have multiple and quite variable abnormalities affecting their mental, neurologic, vascular, gastrointestinal, ophthalmologic, cardiac, pulmonary, osseous, and articular tissues but in addition have quite distinctive and clinically characteristic disorders affecting their hands and feet. The implication is that the various and distinct gene errors not only affect the major body systems described above but remarkably also specifically affect the structure and function of the hands and feet. Furthermore, in many of the disorders, the systemic findings may vary considerably from patient to patient while the hand and foot changes are present and quite uniquely distinctive. This may be why the diagnosis of the entity may be in large measure supported and indeed defined by the hand and foot problems rather than the changes in other body structures. Of some note, however, the author suggests that the most important and rewarding aspect of this study has been the quite fascinating definition of a series of acral alterations related to diseases very rarely seen in the practice of orthopedics.
